ABSTRACT
INTRODUCTION
In Germany the road network consists to 95% of asphalt [1] whereat the number of damaged road surface and potholes increases in recent years. One significant factor to the conditions of the road surface is the binder bitumen which changes its properties especially as a result of ageing. Thereby, the properties of the bitumen, not only the sensitivity of ageing, are depending on the chemistry of the binder. Nevertheless, in practice principal rheological and physical test methods are carried out to characterize the bitumen while the chemical features are not taken into account. But precisely because of chemical characteristics having such a significant effect on the rheological behaviour of the binder, different chemical investigations of various pavement bitumen were carried out within the scope of a BASt project (Bundesanstalt für Straßenwesen -Federal Highway Research Institute). The aim of this project is to find relationships and dependencies between the chemistry and rheology of the binder and to improve the possibility to predict the rheological and ageing behaviour due to chemical properties of the bitumen. Also the development of a binder design will be aimed in the project as a sublime vision. This binder design should allow the arrangement of ideal bitumen for any demands.
OVERVIEW OF THE CHEMISTRY OF BITUMEN
Bitumen is an organic binder consisting of a huge number of hydrocarbon compounds with several functional groups of sulfur, oxygen and nitrogen [2] . Because of the huge number the compounds are not separately identifiable, and are instead summarized in different fractions. These are the so called SARA fractions including the saturates, aromatics, resins and asphaltenes [2] . In general, the saturates, aromatics and resins are summarized as maltenes which differ from the asphaltenes due to their solubility in n-heptane. The individual fractions of the maltenes are separated due to various polarities [3] . Concerning the structure of the different fractions, the polarity, aromaticity and the molecular weight increase steadily from saturates to aromatics to resins to asphaltenes [2, 4] demonstrating in Figure 1 .
Figure 1 Exemplary presentation for the molecular structures of the SARA fractions (following [5])
It is known from the literature that the asphaltenes have a significant influence on the rheological bitumen properties. Thereby, an increasing content of asphaltenes results in an increasing hardness and viscosity [2] and shows an influence of the sensitivity of ageing [7] .
MATERIALS AND METHODS
In order to reach the objectives and find relationships between the rheological and chemical properties, several bitumen samples were investigated with various rheological and chemical methods.
Materials
In this project, 11 bitumen samples with different viscosity were tested belonging to the grades 20/30, 30/45, 50/70 and 70/100. In addition, the samples originate from various refineries to cover as most different proveniences of the crude oils as possible (Table 1) . 
The original bitumen samples were aged with short term and long term ageing simulation. The short term ageing was conducted by the Rotating Flask Test (RFT) in accordance with DIN EN 12607-3 and the long term ageing by an additional ageing with the PAV (Pressure Ageing Vessel) in accordance with DIN EN 14769.
Methods
In order to evaluate the rheological properties of the bitumen samples, the determination of the softening point tR&B in accordance with DIN EN 1427 (Ring and Ball method) was carried out as a conventional method. The softening point describes the temperature at a defined viscosity of the bitumen, and thus characterizes the viscosity at higher temperatures [8] . Furthermore, the investigation with the Dynamic Shear Rheometer (DSR) following DIN EN 14770 and TL Bitumen StB 07 was made as performance-related specification. The measuring geometry was a plate-platesystem with diameters of 8 and 25 mm using a deformation of 0.5% and a frequency of 1.59 Hz. For the following evaluation, the complex shear modulus |G*| and the phase angle δ at 50°C are considered. Thereby, the complex shear modulus |G*| represents a measure for the total resistance of the bitumen against deformations, in other words the stiffness, whereas the phase angle δ describes the ratio between the elastic and plastic deformation component, in other words the deformation behaviour [9, 10] . Concerning the chemical investigations of the bitumen samples, first, the separation of asphaltenes was carried out following the DIN 51595 and using n-heptane whereby the maltenes were collected for further studies. Thus, the maltenes were separated in the five fractions of the saturates, monoaromatics, diaromatics, polyaromatics and polar aromatic compounds (resins) using the liquid adsorption chromatography (column chromatography) following Šebor et al. [11] . After separation the content of the individual fractions was determined. For better clarity, the content of monoaromatics, diaromatics and polyaromatics were combined to the total aromatics. For the column chromatography, aluminium oxide and silica gel were used as stationary phase. As mobile phase hexane, a mixture of hexane and toluene in the ratios of 24:1 and 22:3, pure toluene and a mixture of toluene, diethyl ether and methanol in a ratio of 1:1:3 were used. For the asphaltene and maltene separation a duplicate determination was carried out whereby the average variation coefficient of the different fraction assumed a value of 4.9 wt.%. Finally, both the original bitumen and the individual fractions of the bitumen (saturates, monoaromatics, diaromatics, polyaromatics, polar aromatic compounds, asphaltenes) were analysed by gel permeation chromatography to determine the molecular weights. In this chromatography, a porous styrene divinylbenzene copolymer with a maximal pore size of 500 nm was used as stationary phase, while tetrahydrofuran was used as mobile phase. For the evaluation of the measurement results, polystyrene of various molecular weight distributions served as calibration standards. As characteristic values, the number average molecular weight Mn was determined for the original bitumen Mn,orig, the asphaltenes Mn,asph, the resins Mn,res, the polyaromatics Mn,polyarom, the diaromatics Mn,diarom, the monoaromatics Mn,monoarom and the saturates Mn,sat. Once more to improve clarity, the values of the mono-, di-and polyaromatics were converted to a number average molecular weight of the total aromatics Mn,arom. Thereby, for every fraction a duplicate determination was carried out and the average variation coefficient of the different fraction assumed a value of 2.1 wt.%.
RESULTS
The evaluation of the measured results bases on the method of multiple regression analysis. This method allows the simultaneous description of one dependent variable by several independent variables [12] . In this work, the rheological parameters were considered as the dependent variables which are the softening point, the logarithm of the complex shear modulus log |G*| and the phase angle δ at different temperatures. The independent variables are the contents of the individual fractions as well as the molecular weight Mn of the fractions and the original bitumen. The sample size was 33 bitumen samples comprising the 11 bitumen samples in the three different states of ageing: the original state without ageing, the RFT-ageing state and the RFT-and PAV-ageing state. For calculating the regression coefficients a of the linear regression functions yrheological = a0 + a1 * x1,chemical + a2 * x2,chemical + … + an * xn,chemical, the softwares IBM SPSS Statistics 22® and The Unscrambler® X were used. Before the analysis, the considered variables were tested on outliers using box plots. The identified outliers were replaced by the average value of the whole variable. By means of this procedure, the outliers could be eliminated without a reduction of the number of cases.
To verify the determined linear combinations, the data set was split in a calibration set and a validation set including 6 sample and thus approximately 20% of the whole data set. In addition, the coefficient of determination R² and the Root Mean Square Error (RMSE) were determined serving as measure for the uncertainty of the prediction. Regarding to the RMSE, the results of the linear functions can be specified as y ± 2*RMSEP [13; 14] .
Remembering the aim of the research, a binder design was aspired allowing the description and forecast of the bitumen properties. Furthermore, the binder design should enable the modification of the bitumen for influencing its properties. Known from literature, the asphaltene content strongly affects the bitumen properties [2; 7] . Regarding this, as a result of this research some strong correlations between the asphaltene content and several rheological parameters were found. However, not all rheological parameter could be sufficient described by the asphaltene content. Moreover, some bitumen show similar rheological properties but very different asphaltene contents. In the scope of this research, the grades 20/30, 30/45, 50/70 and 70/100 were considered whereby the bitumen of one grade exhibit similar rheological properties. Within these grades with similar rheological properties, the asphaltene content varies by up to 6 wt.% and also the asphaltene content overlaps between the different binder grades. Because of these reasons, besides the asphaltene content other factors must determine the bitumen properties. One of these factors is e.g. the distribution and the solvatation of the asphaltenes depending strongly of the content and the structure of the other SARA fractions. Regarding this it is known, that both the resins and the saturates exhibit an influence of the viscosity of the bitumen whereby a growing resins content leads to an increase and a growing saturates content leads to a decrease of the viscosity [2] . However, the contents of the SARA fractions are not solely sufficient for describing the rheological properties. Radenberg et al. [15] tried to describe different rheological parameter like the softening point or the viscosity by the contents of the four SARA fractions. But thereby, the coefficients of determinations only assumed unsatisfied values by up to 0.67 [15] . So, besides the content of the SARA fractions also the structure of the fractions seems to be important. An opportunity to capture the structure of the fractions is the determination of the size of the molecules. Because of this, within this research the molecular weight of the several SARA fractions were measured by GPC. Thus, the contents [wt.%] and the average molecular weights Mn [g/mol] of the SARA fractions are available for the description of the rheological parameters.
In a first step, a linear regression function was determined on the base of the content c and the molecular weight Mn to describe the softening point tR&B. Figure 2 shows the high correlation between the measured and the calculated values of the softening point while the legend indicates the parameter of the adjustment. In the figure, the calibration and the validation set are distinguished whereby the black rectangles represents the calibration set and the red points the validation set. Because of the correlations of determination R² with values around 0.90, the adjustment exhibits a very high quality due to both the calibration and the validation. Furthermore, the RMSE assuming values of 2.5 to 3.7°C is in an acceptable range. Due to the quality of this adjustment, the softening point can be described and predicted by the SARA fractions. According to the effect of the contents of the SARA fractions, the saturates and the aromatics exhibit a negative influence and the resins and asphaltenes a positive influence on the softening point. Because of this, a higher content of saturates and aromatics results in a decrease and a higher content of resins and asphaltenes in an increase of the softening point and thus the viscosity of the bitumen. These results comply with known knowledge from the literature described above. In addition to the presented linear combination including four SARA fractions, a further multiple linear regression was carried out considering the contents c and the molecular weights Mn of the six SARA fractions saturates, monoaromatics, diaromatics, polyaromatics, resins and asphaltenes. With coefficient of determination for the calibration set with 0.94 and for the validation set with 0.86, the linear combination also shows a very good description of the softening point. Nevertheless, for the softening point as well as for the further rheological parameters the linear regressions based on the four SARA fractions were used for the binder design because the eight variables allows a high accuracy of the fit without a too high number of independent variables.
Beside the softening point, also the logarithm of the shear modulus log |G*| and the phase angle δ on different temperature levels can be described with the SARA fractions. The results of the multiple linear regression analyses are shown in Figure 3 , Figure 4 as well as Table 2 and Table 3 . Concerning the complex shear modulus log |G*|, a growing coefficient of determination with increasing temperature could be determined. From temperatures of 30°C the coefficient of calibrations set assumed values about 0.80 so that very high qualities are achieved. In contrast, the coefficient of the validation set assumed values about 0.80 at every temperature level whereby higher values for the RMSE can be recognized. Because of the coefficient of the calibration, from temperatures of 30°C the logarithm of the shear modulus log |G*| can be described and predicted by the content and the molecular weights Mn of the four SARA fractions.
Due to the regression coefficient, the viscosity-decreasing effect of the saturates and the aromatics as well as the viscosity-increasing effect of the resins and asphaltenes could be found corresponding to the knowledge known from literature and to the results concerning the softening point. At this point, also a temperature dependence of the adjustment can be recognized. At low temperatures, the influence of the SARA fraction on the rheological bitumen properties seems to decrease. Therefore, at the low temperatures additional or other chemical properties must become more important. as follow Table 2 5 In Figure 4 and Table 3 the parameter of the linear regression functions of the phase angle δ were presented whereby for the validation set the coefficients of determination assumed solely values about 0.80 but relatively high values for the RMSE. For the coefficient of the calibration set, an increase until a temperature level of 40°C and then a decrease can be determined. Thereby, between the temperature levels of 10°C and 50°C a coefficient about 0.80 can be recognized. The decreasing value of the coefficient of determination at higher temperature can be explained by the approximation of the phase angle to 90° and thus the approximation to an ideal viscous behaviour of the binder. Because of this approximation, the values become continuously constant so that the quality of the adjustment decreases. At lower temperatures, the influence of the SARA fraction seems to reduce similar to the shear modulus |G*|. But in the medium temperature range, the description and forecast of the phase angle δ by the contents and the molecular weights of the SARA fractions is possible. Furthermore, the regression coefficients were considered to evaluate the effect of the fraction contents on the deformation behaviour expressed by the phase angle. Thereby, the sign of the coefficients varies depending on the temperature. In the medium temperature range achieving high qualities of the adjustments the contents coefficients of saturates and aromatics show positive and the resins and asphaltenes negative signs. Therefore, growing contents of resins and asphaltenes lead to a decreasing phase angle and thus to an increasing elastic deformation behaviour of the bitumen which is also known from literature [2] . Table 3 In a further step, the influence of the different independent variables were deeper investigated. The increasing or decreasing effect of the several variables can be derived from the sign of its regression coefficients and are already described above. Beside the increasing or decreasing effect, the absolute impact of the variables on the rheological parameter can be evaluated. Thereby, the regression coefficients do not directly allow this evaluation because these coefficients depend on the unit of the associated variables. Instead, the regression coefficients have to be standardised. The standardised coefficients are called as beta coefficients and give direct information about the influence on the rheological parameter. The beta coefficients of the contents and molecular weights of the SARA fractions for describing the logarithm of the shear modulus |G*| and the phase angle δ are presented in Table 4 . To improve comparison, the four beta coefficients with the highest values marked in bold. Based on this table, it can be recognized that the beta coefficients of the different linear combinations are in the same magnitude. So, all variables are necessary for the description of the rheological parameters. However, depending on the considered rheological parameter and the considered temperature level different variables shows the highest values. For the shear modulus |G*|, the content of the saturates, the aromatics and the content of the asphaltene at higher temperatures as well as the molecular weight of the aromatics seems to be very important. In contrast, for the phase angle δ, the effect of the content of the asphaltenes and especially of the molecular weights of the maltene fractions seems to increase. But in addition, it should be noted that if a larger number of cases is considered, the beta coefficients and thus the influences of the variables could possibly change.
Figure 4 Relationship between the measured and the calculated phase angle δ at (a) 30°C and (b) 60°C as follow
To sum up the presented results, the findings of this research not only confirm different relationships between the chemistry and the rheology. Moreover, linear regression functions could be determined to describe different rheological parameters by the contents and the molecular weights Mn of the saturates, aromatics, resins and asphaltenes.
In addition analyses, relationships between the chemical composition and structure on the one hand and the sensitivity of ageing on the other hand were tried to find. Therefore, the sensitivity of ageing was quantified by calculated ageing indices (AI) representing the ratio between rheological parameters after long term ageing and rheological parameters in the state without ageing (following [2] ). For these analyses, the sample size included just 11 samples because the ageing indices could only be calculated for the original bitumen. This small number of cases does not allow a division of the data set in calibration and validation set. Due to this small number of cases and the absent division of the data, the found relationships are more trends than resilient functions. Once again, the softening point, the logarithm of the shear modulus |G*| and the phase angle δ were considered whereby the adjustment for the softening point is shown in Figure 5 and the parameters of the adjustments of the complex shear modulus |G*| and the phase angle δ are presented in Table 5 . Const. As can be seen in Figure 5 and Table 5 , the coefficients of determination assumed mainly high values indicating of good or very good adjustments. Due to this results, the contents and molecular weights Mn of the SARA fractions in the unaged state allows an estimation of the ageing behaviour of the rheological parameters. For the phase angle, the temperature dependence of the adjustment can be again recognized. In principle, the chosen approach due to the ageing behaviour seems to be useful. Nevertheless, the analyses should be repeated with a larger number of cases to get more resilient linear combination. So in these results, some not explainable facts appear. Due to the regression coefficients, the results of the analyses seem to be less significant, e.g. the regression coefficients of the fraction contents for describing the ageing behaviour of the phase angle are all negative.
THE OPPORTUNITY OF BINDER DESIGN
The discovered relations can be of benefit for the determination and selection of a binder for road construction. Thereby, the benefit is especially important for the forecast of the ageing behaviour of the bitumen which is possible due to the dependencies between the ageing indices and the content and molecular weights of the SARA fractions. On the basis of these relations, predictions about bitumen stability against ageing can be made knowing the change of bitumen parameters after ageing. Furthermore, the discovered dependencies can be of significance for the recycling of bitumen. During the ageing the binder becomes harder by the inserting distillation-based and oxidation-based ageing. This hardening is the result of shifts of SARA fractions and molecular weights. For recycling, the bitumen properties should be enhanced or restored wherefore additives, so called rejuvenators, are being already added to the demounted bitumen. On the basis of the discovered relations, the shift in the SARA fraction can be comprehended and the amounts and molecular weights, which are required to achieve the original properties of the binder, can be determined. However, the addition of the bitumen's own fractions will not be possible because the large-scale extraction of the SARA fraction is difficult to implement. For alternative additives the content and the molecular weights are not the only important items because the individual SARA fractions are compatible with each other. Possibly, additives showing a differing composition as the bitumen own fractions are not compatible with the other bitumen components and could lead to different influences on the bitumen properties than the bitumen own SARA fractions do. In this respect, a more detailed characterisation of the SARA fraction will be necessary to get more information about the composition of the fractions.
In an imaginary experiment, the vision of an individual binder design can be pursued. On the basis of the discovered relationships, the bitumen can be composed in that way that it shows any desired rheological properties. Therefore, in addition to the discovered relations between the contents and molecular weights of the SARA fractions further relationships must be done looking for including e.g. the ductility and the adhesion behaviour. In consideration of all founded relationships, the optimisation of the required bitumen composition would be possible with the result that the synthetic bitumen could be created. Because of the enormous expense of the large-scale separation of the bitumen and of the provision of the individual SARA fractions, this concept will be a vision forever.
SUMMARY
The objective of this work was to bring rheological and chemical properties of the bitumen together. As rheological investigation methods, the determination of the softening point (Ring and Ball method) as well as the determination of the complex shear modulus |G*| and the phase angle δ with the Dynamic Shear Rheometer were carried out. As chemical analyses, the separation of asphaltenes to determine the asphaltene content, the further separation of the maltene phase using column chromatography following Šebor at el. [11] to determine the content of the saturates, aromatics and resins as well as the gel permeation chromatography to determine the molecular weight were carried out. The relationships between the rheological and chemical parameters were investigated by multiple regression analyses. It shows inter alia that the viscosity and the stiffness of the bitumen are dependent on both the contents and the molecular weight Mn of the several SARA fractions. Furthermore, the contents and molecular weights of the fractions provide information about the sensitivity of ageing and the bitumen behaviour after ageing. The findings can be of benefit for the selection of an appropriate binder for road construction and for the recycling of bitumen.
